Materials containing hydrogen and high-Z ion species are used in a variety of high energy density physics (HED) applications, and it becomes increasingly important to investigate transport properties of these substances as they become fully-ionized multispecies plasmas. In particular, of significant practical interest, is the analysis of the plasma viscosity as it can determine stability and turbulence properties of the HED system. It has been pointed out by D. Ryutov [Phys. Plasmas 3, 4336 (1996)] that the presence of a substantial amount of hydrogen in a multispecies plasma can significantly enhance its viscosity. The present work reports on a detailed analysis of this effect and the accurate calculation of the corresponding viscosity coefficient.
Qualitative analysis.-Consistent with the practical applications mentioned earlier, we consider highly-collisional dense plasmas where the mean free path of a hydrogen species, HZ λ is small compared to the characteristic length scale for variations in the species flow velocities,
In such highly-collisional multispecies plasmas, the hydrogen species (H) equilibrates its flow velocity to that of the heavier high-Z ions (Z) over a short collisional time scale, 
( )
Here, M, V T , n, λ, and η are the species mass, thermal velocity, number density, collisional mean free path, and viscosity coefficient, respectively, and ∆V x is the small difference between the hydrogen and high-Z species flow velocities. The viscosity coefficients in Eqs. 
and is governed by
It is also straightforward to show that the small difference between the hydrogen and high-Z species flow velocities is the order of 
For instance, for a CD 2 plasma
, it follows that 30 = ZZ HZ η η [9] . That is the hydrogen species provides the dominant contribution to the plasma viscosity,
Note that the energy exchange between species occurs much faster,
relaxation of the velocity shear, 
where lnΛ Z denotes the Coulomb logarithm, the goal of the present work is to derive an equivalent accurate expression for the viscous coefficient corresponding to the H-Z collisions,
i.e., HZ η .
Quantitative analysis.-It is well-known that the viscosity of a monatomic gas or unmagnetized plasma is described by a single shear-viscosity coefficient, η , with the viscous stress tensor given by ( ) [10] [11] . From the standard framework for determining transport coefficients [10] [11] [12] , it follows that in order to evaluate the viscosity coefficient, HZ η , one needs to find a first-order correction in 
Here, r and u are the particle's coordinate and velocity,
is the hydrogen thermal velocity, and, without loss of generality, we adopted
, one obtains the following equation for the first-order correction
where, 
where, ( )
are the spherical coordinates corresponding to the coordinate system ( )
In general, the collision operator in Eq. (10) should also include terms proportional to the relative velocity between the H and Z species (see Refs.
[10]- [12] 
The viscous momentum flux is given by
and we readily obtain
where 
or, equivalently, 
where H A is the atomic mass of the hydrogen isotope. Recalling Braginski's result for ZZ η [Eq. 
where
is assumed for simplicity. It is also straightforward to extend the result in arbitrary mass ratio as follows [12] [ ] 
Although the collision model in Eq. (19) [ ] 
mass ratio, by making use of the variational principle [13] . Introducing
, where 1 F is an arbitrary trial function, and noting that the collision operator in Eq. (19) is self adjoint with
it follows that Eq. (9) is the Euler equation for the variational principle
where the functionals S 1 and S 2 are defined by
It is important to note that the extremal value of the variational quantity, S ext , satisfies We now proceed with the variational analysis by making use of the following trial
are Sonine polynomials, While an exact value of HZ η would be recovered in the limit
, it is found that sufficient ) where H A is the atomic mass the hydrogen isotope.
In conclusion, as an illustrative example, we present numerical values of the viscosity coefficients for materials that are often considered for HED and ICF applications (see Table 2 ). 
